Prediction of time to flowering of crop plants (especially photoperiod sensitive (PS) ones) help make appropriate crop management decisions such as choosing optimum sowing and harvesting dates which in turn determine plant size and thus affect dry matter production and crop yield. Modelling time to flowering of dolichos bean, a highly PS short-day food legume crop species, indicated greater role of temperature than photoperiod in regulating time to flowering of PS genotypes. The PS and photoperiod insensitive (PIS) genotypes of dolichos bean differed for base (T b ) and optimum temperature requirement for time to flowering. However, they were comparable for critical minimum, maximum and optimum photoperiod requirement for time to flowering. Dolichos bean requires critical minimum, maximum and optimum photoperiods of 11.11, 12.28 and 12.21 h respectively, and critical minimum growing degree days of 372.05°C day -1 and optimum temperature of 23.13°C for time to flowering. Using average daily air temperature, and working backwards in time, it is possible to predict the combination of dolichos bean cultivar and sowing date that will produce ready for harvest crop on a predetermined day when fresh pod quality is optimal.
ONE way to improve the adaptation of crops and maximizing crop productivity is by matching the phenology to the resources and constraints of target production environment 1 . Of all the phenological events, onset of flowering is the most significant as it marks the transition of the crop from vegetative to reproductive phase 2 . Productivity potential of crops is related to the duration from sowing to flowering 2 . Flowering plasticity, especially in response to temperature and photoperiod, is a common adaptive feature of annuals, including legumes, in arid or semiarid environments 3, 4 . Several studies have indicated genetic differences for time to flowering in response to both temperature and photoperiod in annual legumes 5, 6 . Accordingly, prediction of time to flowering help select appropriate crop management practices such as optimum sowing and harvesting dates 2, 7 which determines plant size and thus affects dry matter production and product yield 8, 9 . Simple linear regression models have been proposed to predict the effects of temperature and photoperiod on flowering behaviour of a range of both long-and shortday plants 7 . The developmental rate is defined as the inverse of flowering duration (1/f ) for developing and testing models to predict time to flowering 5 . Empirical models have been developed by linearly relating the developmental rate to mean photoperiod and/or mean temperature in crops such as soybean 7 , sulla and persion clover 5, 6 and pigeonpea 10 . The effects of temperature and photoperiod have proved to be additive 11 . Attempts to model time to flowering have not been reported in dolichos bean, a highly photoperiod sensitive short-day food legume crop species [12] [13] [14] [15] . Dolichos bean (Lablab purpureus L.), known as lablab bean, hyacinth bean, sem, bonavist bean, etc. is cultivated in India 14 in semi-arid tropics. Based on angle of attachment of seeds to the suture of pods, two botanical types of dolichos bean (Lablab purpureus var. typicus and Lablab purpureus var. lignosus) are recognized. Lablab purpureus var. lignosus is an annual bushy herb cultivated as a rainfed crop for immature fresh seeds used as a vegetable in southern India, especially in southern parts of Karnataka. Most farmers' cultivars are highly photoperiod sensitive to time to flowering. Day-neutral (photoperiod insensitive) genotypes have also been reported in Australia 16 and India 13, 17 . The present study was carried out to assess the relative contributions of photoperiod and temperature on time to flowering variation among a set of PS and PIS genotypes. Our objective was to determine base temperature, optimum temperature, critical minimum growing degree days (GDD), critical minimum, maximum and optimum photoperiod for floral initiation and to explore the nature of response (qualitative/quantitative) to photoperiod for time to flowering in dolichos bean.
Materials and methods

Experimental location
A field experiment was carried out at the Zonal Agricultural Research Station (ZARS) in the University of Agricultural Sciences (UAS), Bengaluru, India. Geographically, ZARS, Bengaluru is located at 12°58′N lat, 77°35′E long and an altitude of 930 m amsl. The annual rainfall received during experimental period ranged from 578.90 to 994.50 mm. The data on average monthly minimum and maximum temperature, bright sunshine hours, photoperiod and relative humidity are furnished in Table 1 .
Plant material and experimental design
Five photoperiod sensitive (PS) genotypes (of different provincial origin) such as GL 388 (Dharwad, Karnataka), GL 365 (Ananthapuram, Andhra Pradesh), GL 161 (unknown), GL 369 (Mandya, Karnataka) and GL 371 (Bidar, Karnataka) and five photoperiod insensitive (PIS) 
Collection of data
Replication-wise flowering time from date of planting (FTDAP) was recorded as number of days from planting to flower initiation in at least 50% of plants in each of PS and PIS genotypes. Daily maximum and minimum temperatures were recorded from the meteorological observatory located close to the experimental field. The data on daily photoperiod (P) (also called as day length), defined as the time in hours from sunrise to sunset was collected from the India Meteorological Department (IMD) located in Bengaluru. The mean daily temperature (T) and photoperiod (P) were computed for the period from planting to time at which 50% of plants flowered in each of the genotype. Replication-wise, time to flowering from first day of the year (FTDOY) was recorded by counting the number of days from 1 January until 50% of plants flowered in each of the genotype irrespective of their planting dates.
Statistical analysis
Estimation of growing degree days: Heat units or thermal time (T t ) expressed as growing degree days (GDD), is an accumulated air temperature above a base temperature (T b ) below which development ceases 18 . Estimate of base temperature (T b ) is a prerequisite for estimation of GDD. There are two methods for estimating T b (1) using thermal model (equation (1)) by extrapolation of regression line; T b = -(a/b) and (2) using least standard deviation (in days) method. In statistics, estimating T b by extrapolation of regression line is not acceptable 19 . Hence, T b was calculated based on the method of least standard deviation (in days) 20 .
where T i is mean diurnal temperature prevailing from planting date to time to flowering, D i the days to flowering of ith genotype and n is the number of planting dates. Replication-wise GDD between planting dates to time to flowering (n) were estimated as the sum of the differences between the mean daily T and T b for all the genotypes using the following equation 21 .
Mean FTDAP, FTDOY and GDD of PS and PIS genotypes were computed. Mean of time to flowering (FTDAP) averaged over replications and over two years were considered for predicting time to flowering using regression models.
Combined analysis of variance
Combined analysis of variance of PS and PIS genotypes for FTDAP, FTDOY and GDD was performed using PROC GLM of SAS 9.3 version to partition total variability into different sources. Mean squares due to PS/PIS genotypes and those due to their first-order interactions (PS/PIS genotypes × planting dates/years) and their second-order interactions (PS/PIS genotypes × planting dates × years) for FTDAP, FTDOY and GDD were estimated and tested for their statistical significance using F test.
Photoperiod-thermal models to predict time to flowering
The rate of progress or development (1/f ) in days, defined as the inverse of duration from sowing to flowering initiation for each genotype, averaged over two replications, was related to mean diurnal temperature (T, °C) averaged over replication, to mean photoperiod (P, h day -1 ) averaged over replication, or to both. Using three linear models, such as (a) thermal model based on temperature alone: 1/f = α + bT (3) , in which time to flowering was predicted assuming the absence of photoperiod sensitivity to time to flowering or assuming that photoperiod is less than the critical photoperiod, (b) photoperiodic model based on photoperiod alone: 1/f = a + cP (4) in which time to flowering was predicted assuming the absence of effect of temperature and (c) the photoperiod-thermal additive model based on temperature and photoperiod: 1/f = a′ + b′T + c′P (5) , in which time to flowering was predicted when prevailing photoperiod is more than critical photoperiod, where α, b, a, c, a′, b′ and c′ were genotype specific constants 11 . The constants of all the three models were estimated through linear regression of T and P on 1/f of each genotype using PROC REG of SAS 9.3 version.
Optimum photoperiod and temperature requirement
In order to estimate optimum photoperiod requirement for time to flowering and minimum days to flowering, second-degree polynomials of the form y = a + bx + cx 2 were constructed using PROC REG of SAS 9.3 version. Here y is days to flowering and x is the photoperiod in hours 22 . The days to flowering reaches a minimum value when the first differential coefficient is zero. As dy/dx = b + 2cx = 0, the optimum photoperiod has the value -b/2c. The days to flowering corresponding to this optimum photoperiod was designated as minimum days to flowering, and was shown by a -b 2 /4c after substituting the x = -b/2c in equation y = a + bx + cx 2 . Similarly, optimum temperature requirement for time to flowering and minimum days to flowering were estimated using y′ = a′ + b′z + c′z 2 , where y′ is days to flowering and z is the temperature in °C.
Critical minimum and maximum photoperiod and GDD
GDD versus FTDOY graph ( Figure 1 ) was drawn to estimate the critical minimum GDD and photoperiod for time to flowering. The critical maximum photoperiod (P c ) (photoperiod beyond which flowering ceases) was estimated when the photoperiod-thermal model intersects with the thermal model given by equation: (6) 11 .
Results and discussion
Combined analysis of variance
Combined analysis of variance indicated significant differences among PS genotypes for FTDAP, FTDOY and GDD for time to flowering (Table 2 ). These could be attributed to relatively lower temperature that prevailed during 2013-14 compared to 2012-13. Significant interaction of PS genotypes with planting dates for FTDAP and GDD indicated their differential response to different photoperiods. The PS genotypes displayed significant interaction with years of planting for FTDAP and GDD requirement for time to flowering. On the other hand, PIS genotypes interacted significantly with years of planting only for GDD for time to flowering. There was minimal difference in time to flowering when PS and PIS genotypes were planted during 2012-13 December and 2013-14 January, indicating that December and January are ideal for planting both PS and PIS genotypes to ensure flowering synchrony between them (Figure 2 ). Flowering synchrony is necessary to effect pre-planned crosses among PS genotypes and between PS and PIS genotypes throughout the year to augment the genetic variability and reduce the time required to develop improved pureline varieties in dolichos bean. 
Genetic differences for FTDAP, DOY, GDD and T b
While the PS genotypes differed in terms of FTDAP, FTDOY and GDD for time to flowering, the parameters in PIS genotypes were comparable (Table 3) . On an average, PS genotypes required higher T b and GDD than PIS genotypes for flowering initiation.
Photoperiod-thermal models to predict time to flowering
The time to flower and the degree to which it is responsive to photoperiod is a key factor in the adaptation of a species to different eco-geographic locations 23, 24 and dolichos bean is not exception to this. Genetic variation that affects the timing of flowering and its regulation by photoperiod is significant for the performance of crop species 22 . Hence, accurate prediction of time to flowering allows the selection of appropriate sowing and harvesting time to optimise productivity. However, a plant will not always need the same amount of calendar time to switch over from vegetative into reproductive phase as temperature also affects such switch over 25 . Linear regression models are considered useful for predicting the rate of progress towards flowering 11 . In the present study, linear models accounted for 61-93% of variation (adjusted R 2 ) observed in time to flowering of PS dolichos bean genotypes ( Table 4 ). The thermal and photoperiod-based regression models, considered separately, explained 61% variation (adjusted R 2 ) in time to flowering of PS genotypes suggesting utility of either of the models for reliable prediction of time to flowering in dolichos bean.
However, photoperiod-thermal additive model (when both photoperiod and temperature included in the model) suggested significant influence of both temperature and photoperiod (for GLB 161 and GLB 369) with a greater role of temperature on the variation of time to flowering of PS genotypes. Similar trend has been reported for crops such as cowpea 6 , sulla and persion clover 25, 26 . However, in dolichos bean, both temperature and photoperiod are of equal importance in controlling time to flowering 27, 28 . The differences in the reports of the past and the present studies 27, 28 for time to flowering in dolichos bean could be attributed to differences in the range of photoperiod and temperature to which genotypes were exposed. Several reports attribute equal importance to both temperature and photoperiod in controlling the time to flowering of crops such as soybean 29 and forage legumes 25, 26, 30 . The greater influence of temperature than photoperiod on time to flowering of dolichos bean PS genotypes in the present study could be attributed to confounding effects of photoperiod with those of temperature on time to flowering as indicated by significant high correlation between mean day temperature and photoperiod (r = 0.75, P < 0.05). The prevalence of photoperiod within the critical minimum and maximum limits could be another cause for reduced photoperiod influence on time to flowering in dolichos bean. Repetition of the experiment in locations where prevailing photoperiods are greater than that of critical photoperiod for time to flowering would provide conclusive evidence for the effect of photoperiod in dolichos bean. (Table 3 ). The study indicates that dolichos bean require an average T b of 11-13°C for time to flowering. However, the T b and GDD requirements of PS genotypes need to be validated by evaluating them in environments with temperatures different from that in the present study. Further, dolichos (Table 5) which is comparable to warm season short-day legume crop such as pigeonpea (24°C) 33 and slightly higher in soybean (26-28°C) 5, 7 .
Critical minimum and maximum GDD and photoperiod requirement
GDD versus FTDOY graph (Figure 1) indicates the requirement of critical minimum GDD and photoperiod for time to flowering. The critical minimum GDD required for flowering initiation in PS genotypes ranged from 354.50°C day -1 to 378.31°C day -1 with an average of 365.56°C day -1 . The critical minimum GDD for time to flowering of PIS genotypes was higher than that of PS genotypes in dolichos bean (Table 5) . On an average, dolichos bean requires critical minimum GDD of 411°C for time to flowering in Bengaluru environment. Forage legumes such as fava bean and pea required higher critical minimum GDD of 833°C and 770°C respectively, for time to flowering in Mediterranean environments 25 . GDD systems are empirical approaches used to predict the time to flowering of PS genotypes. Using average daily air temperature, and working backwards in time, it is possible to predict the combination of dolichos bean PS cultivar (based on GDD and T b requirement) and sowing date that will produce crops ready for harvest on a predetermined day when pod quality is optimal. GDD systems have been successfully used to choose grape cultivars for different end-uses in California 32 . The PS and PIS genotypes of dolichos bean differed for base and optimum temperature besides GDD for time to flowering. However, PS and PIS genotypes were comparable for critical minimum, maximum and optimum photoperiod requirement for time to flowering. On an average, dolichos bean requires critical minimum, maximum and optimum photoperiod of 11.32, 12.32 and 12.10 h respectively (Table 5) . Earlier studies reported temperature-dependent critical photoperiod requirement for flowering time in dolichos bean 27 . For instance, it was reported that critical photoperiod requirement of flowering time is 13 h at 25°C, while it is between 10 and 11 h at 30°C. Further, all PS genotypes did flower when the prevailing temperature was ≤20°C irrespective of photoperiod. Earlier reports support low temperature requirement under long days for flowering time in dolichos bean 34 . Fava bean and pea require critical minimum photoperiods of 12.00 h for time to flowering in Mediterranean environments 25 while, soybean require maximum photoperiod of 13.50 h for time to flowering 35 . A qualitative short-day plant fail to initiate flowering if the prevailing photoperiod exceeds the critical maximum photoperiod and a quantitative short-day plant requires short-days for flower initiation but continues to flower even beyond critical maximum photoperiod although time to flowering is delayed. From the present results, it is difficult to determine whether dolichos bean is a quantitative/qualitative short-day plant as photoperiod of the experimental location falls within the limits of minimum and maximum critical photoperiod.
Conclusion
The study indicates a significant role for both photoperiod and temperature with a greater role of temperature than photoperiod in controlling the time to flowering of dolichos bean. It is possible to characterize time to flowering responses of working germplasm accessions to variation in photoperiod and temperature in a way which enable prediction of time to flowering for any given data on latitude, sowing time and daily minimum and maximum air temperature. The reliable prediction of time to flowering helps optimize the choice of dolichos bean cultivars with different GDD requirement and sowing and harvesting dates to target production environments. To the best of our knowledge this is the first study aimed at modelling time to flowering of PS genotypes in response to photoperiod and temperature variation, and comparative analysis of critical minimum and maximum and optimum photoperiod and GDD and T b for PS and PIS genotypes for time to flowering in dolichos bean.
